Biodegradable poly(L-lactic acid) (PLLA) and PLLA/CoFe 2 O 4 magnetic microspheres with average sizes ranging between 0.16-3.9 lm and 0.8-2.2 lm, respectively, were obtained by an oil-in-water emulsion method using poly(vinyl alcohol) (PVA) solution as the emulsifier agent. The separation of the microspheres in different size ranges was then performed by centrifugation and the colloidal stability assessed at different pH values. Neat PLLA spheres are more stable in alkaline environments when compared to magnetic microspheres, both types being stable for pHs higher than 4, resulting in a colloidal suspension. On the other hand, in acidic environments the microspheres tend to form aggregates. The neat PLLA microspheres show a degree of crystallinity of 40% whereas the composite ones are nearly amorphous (17%). Finally, the biocompatibility was assessed by cell viability studies with MC3T3-E1 pre-osteoblast cells.
Introduction
Smart polymer microspheres have received increasing attention for biomedical applications such as drug delivery systems and support for cell expansion and differentiation [1, 2] .
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In particular, the production of piezoelectric microspheres has been already achieved [2] . Piezoelectric polymers can be used as a bioactive electromechanically responsive materials for improving tissue engineering strategies [3] . Studies reveal that electrical stimulation influences cell proliferation, differentiation and regeneration [2] both under static [4, 5] and dynamic conditions [6] . These results show the potential of such materials for the development of a new generation of wireless electrically active scaffolds and structures for biomedical applications [2] .
Magnetic nanoparticles and, in particular magnetostrictive ones, offer also strong application potential in the biomedical field, including drug delivery and biomolecular targeting, among others, triggered by external magnetic field [7] . These applications are based on the large surface area of the nanoparticles, good tissue diffusion and reduced dipole-dipole interaction [8] . When combined with the piezoelectric effect, magnetostrictive nanoparticles offer the possibility of developing magnetoelectric composites [9] that convert magnetic stimuli into electrical ones, leading to novel tissue engineering strategies [6, 10] . In particular, cobalt ferrite magnetic particles have been explored for biomedical applications due to its large magnetostriction, high Curie temperature and effective anisotropy and moderate saturation magnetization, which can be taken to advantage both for tissue engineering and drug delivery applications [11] . However, they should be coated with organic or inorganic materials in order to ensure their biocompatibility, nontoxicity and colloidal stability [8] .
One of the most used polymers for biomedical applications is poly(L-lactic acid) (PLLA), which is a biocompatible and biodegradable aliphatic synthetic polyester. PLLA is also piezoelectric and its electroactive properties have been successfully explored for technological applications, being the b-form the main responsible for the piezoelectric properties [12, 13] .
PLLA microspheres can be produced by several physicochemical methods, including solvent extraction/evaporation from an emulsion, aggregation by pH adjustment or heat, coacervation (phase separation), interfacial polymerization, ionic gelation, electrospray and spray drying, among other techniques [2, [14] [15] [16] . Emulsionsolvent evaporation method is perhaps the most commonly used one [17] . The main advantages of the emulsion-solvent extraction/evaporation method (oil in water (O/W) or water in oil (W/ O) emulsions) is its simple implementation using a stirrer device, without high temperatures or phase separating agents. Further, it allows the control of the size of the spheres in the nanometer to micrometer range comparatively to other methods such as the electrospray method [18] , which does not allow such a control of sphere size. It is to notice that the sphere size is important for biomedical applications such as tissue engineering and drug delivery, in the later the microspheres size influencing the release rate, due to the encapsulation efficiency [19] .
In this process, a solution containing the polymer is emulsified in a non-solvent continuous phase, in the presence of a stabilizing agent, using a variety of physical methods such as homogenization and sonication [20] . PLLA microspheres of relatively small size and uniform size distribution can be obtained from an aqueous continuous phase containing poly(vinyl alcohol) (PVA) as stabilizer [20, 21] .
The potential for application of neat or composite PLLA microspheres has been demonstrated in the treatment of ocular pathologies, namely in regenerative medicine for retinal repair or related intraocular pathologies [14] and drug delivery [7, [22] [23] [24] .
Despite these interesting proofs of concept, a systematic study reporting the effect of the processing parameters on the overall microspheres physico-chemical properties as well as on the encapsulation efficiency and biocompatibility of composite spheres with magnetic nanoparticles is still lacking. In particular, the introduction of highly magnetostrictive nanoparticles, such as CoFe 2 O 4 , has not been reported. Thus, this work, reports on an effective method for the preparation of pristine and magnetic PLLA microspheres based on CoFe 2 O 4 nanoparticles.
Experimental section

Materials
Poly(L-lactic acid) (PLLA) with an average molecular weight of 217.000-225.000 g mol À1 , (Purasorb PL18) and poly(vinyl alcohol) (PVA) with an average molecular weight of 13.000-23.000, 98% hydrolyzed were supplied by Purac and Sigma Aldrich. Chloroform (CF, from Merck) was used for the dissolution of the polymer. CoFe 2 O 4 nanoparticles were purchased from Nanoamor [25] with dimensions between 35 and 55 nm, and used as received.
Preparation of neat and magnetic PLLA microspheres
PLLA was dissolved in chloroform (CF) to achieve a polymer concentration of 3% (w/v). CF is commonly used to dissolve PLLA due to its ability to solubilize large amounts of polymer [26] , and low miscibility with water, leading to a decrease of the amount of PVA adsorbed to the polymer-organic solvent-water interface [21] .
The polymer solution was dissolved at room temperature under constant stirring until complete polymer dissolution. Then, the mixture was added into 0.5% (w/v) PVA solution. Polymer and surfactant concentrations were selected based on previous works [27] . The emulsified suspension was mechanically stirred (RS lab) and in the same time the solvent was continuously evaporated overnight at room temperature. The resulting microspheres were washed with distilled water and isolated by centrifugations at either 1000, 2500 and 4000 rcf's, for 5, 10 and 15 min, respectively. This procedure was repeated 5 times. Finally, polymer microspheres were freeze dried (Christ Alpha 2-4 LD Plus from BioBlock Scientific) for 48 h. Magnetic microspheres were also prepared by the aforementioned method. In this case, after complete polymer dissolution, 10% (w/w) of CoFe 2 O 4 nanoparticles were added to the solution. The next steps were the same as used for neat microspheres preparation.
Characterization of the PLLA microspheres
The morphology of the microspheres was analyzed using a scanning electron microscope (SEM, Quanta 650, from FEI) with an accelerating voltage of 5 kV. The samples were previously coated with a thin gold layer using a sputter coating (Polaron, model SC502). The average diameter and distribution was calculated over approximately 60 microspheres using SEM images with 50,000Â magnification and the ImageJ software.
Infrared measurements (FTIR) were performed at room temperature in a Jasco 4100 apparatus in attenuated total reflectance (ATR) mode from 4000 to 400 cm À1 using 64 scans with a resolution of 4 cm
À1
. Differential scanning calorimetry measurements (DSC) were performed in a Mettler Toledo 823e apparatus using a heating rate of 10°C min À1 under nitrogen purge. The degree of crystallinity of the PLLA microspheres was calculated by Eq. (1):
where DH m is the melting enthalpy, DH cc the enthalpy of cold crystallization and DH O m represents the PLLA theoretical value of the melting enthalpy of a fully crystalline sample (93.1 J g À1 ) [28, 29] . Dynamic light scattering (DLS) was used to obtain the average hydrodynamic size and size distribution of the microspheres. A Zetasizer NANO ZS-ZEN3600 (Malvern) was used and measurements were performed at 25°C using the appropriated sample dilution in ultrapure water to prevent multi scattering events. The average and standard deviation values for each sample were obtained from 6 measurements.
Zeta potential was used to obtain the surface charge of the microspheres with a Zetasizer NANO ZS-ZEN3600. The zeta potential of the PLLA microspheres was evaluated at different pHs (2, 4, 7 and 9). Solutions of HCl (1 M) and NaOH (1 M) were added to adjust the pH. The average value and standard deviation for each sample was obtained from 6 measurements. According to Smoluchowski equation the zeta potential was determined from Eq. (2) containing 10% Fetal Bovine Serum (FBS, Biochrom) and 1% penicillin/streptomycin (P/S, Biochrom) at 37°C in a 5% CO 2 incubator. For cell culture assays, approximately 3 mg of dry PLLA microspheres (with and without magnetic nanoparticles) were placed in a 2 mL Eppendorf. For sterilization purposes, the microspheres were exposed to ultraviolet (UV) light for 1 h and washed 5 times with phosphate buffer saline (PBS) solution for 5 min. After that, the microspheres were placed with DMEM without FBS overnight at 37°C in a 5% CO 2 incubator.
For the cell viability assay, MC3T3-E1 pre-osteoblast cells were seeded at a density of 1.5 Â 10 5 cells/Eppendorf with and without (control +) microspheres up to 72 h. Microspheres without cells were also used as negative control. To quantify the number of viable cell, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS, CellTiter 96-Aqueous one solution reagent, Promega) colorimetric method was used. In this assay, MTS is bioreduced by cells into a formazan product by dehydrogenase enzymes found in metabolically active cells. The absorbance of the formazan product measured at 490 nm is directly proportional to the viable cell number in cell culture. After 72 h, the supernatant of each Eppendorf was removed and fresh medium containing MTS solution in a 1:5 ratio was added and incubated at 37°C in a 5% CO 2 incubator. After 2 h of incubation, 100 lL of each Eppendorf was transferred in triplicate to a 96-well plate and the optical density was measured at 490 nm. Four measurements were performed for each sample.
Results and discussion
Polymer morphology and size distribution
Neat PLLA and magnetic microspheres were produced by an oil in water emulsion (o/w) using PVA as stabilizer in order to prevent the coalescence of the microspheres.
Pristine polymer microspheres show a smooth spherical surface, with a homogeneous shape, without concavities or distortions (Fig. 1a) , with size distribution ranging between 50 and 400 nm with an average size of 160 ± 62 nm (Fig. 1d) , suggesting that the polymer solution was evenly dispersed in the aqueous phase, without precipitation of the solids [26, 27] . Higher viscosities than the ones used in this work (see Section 2), creates difficulties in achieving small oil droplets homogeneously dispersed in the aqueous phase, leading to larger microspheres [27, 31] . Centrifugation of the microspheres at different rates allows its separation by size (Fig. 1d) . Thus, microspheres with average size ranging from 0.16 ± 0.062 lm up to 3.9 ± 2.0 lm were obtained at centrifugation rates varying from 1500 to 4000 rcf.
Dynamic light scattering allows the measurement of microspheres hydrodynamic size and distribution. The values obtained by DLS (size ranging from 1.9 ± 0.039 lm down to 0.46 ± 0.013 lm) are different from the ones measured by SEM imaging (Fig. 1d) , which is ascribed to factors affecting the hydrodynamic measurements such as the agglomeration of the spheres [32] . Comparing SEM and DLS, it can be observed that for 1500 and 2500 rcf, the DLS measurements show lower average sizes than SEM. These results indicate that dispersed microspheres, despite centrifuged, remain highly heterogeneous, which is also consistent with the high polydispersion index (higher than 0.5) obtained for the DLS assays. The larger particles found with SEM analysis are the ones that readily precipitate in aqueous medium, during the DLS analysis. On the other hand, for 4000 rcf's this trend is the opposite, as the SEM analysis allowed to estimate a lower average size with respect to the DLS values. This result indicates that higher centrifugation rates are efficient as size separation process, yielding a homogeneous sample. The slightly higher average size obtained for DLS when compared to SEM, is ascribed to agglomeration during the measurements [31] .
With respect to the CoFe 2 O 4 /PLLA microspheres (Fig. 2) , also smooth microspheres were obtained, similar to the ones obtained for pristine PLLA (Fig. 1a) . Again, centrifugation allows the separation of the spheres by size, from 2.2 ± 0.60 lm, for the lowest centrifugation rate, to 0.87 ± 0.35 lm for the highest one (Fig. 2d) .
The nanocomposite microspheres show higher average sizes than pristine PLLA microspheres, for all centrifugation rates. These results are consistent with the presence of the magnetic core (CoFe 2 O 4 nanoparticles aggregates) inside the PLLA microspheres, yielding higher average diameters to the nanocomposite microspheres. Finally, it was not possible to obtain the hydrodynamic size due to higher aggregation and sedimentation of the heavier spheres during the measurements.
Physico-chemical and thermal properties
In order to evaluate possible chemical modifications in the structure of PLLA due to the processing procedure, a FTIR-ATR analysis was performed. Fig. 3a shows the FTIR spectra of the neat and composite PLLA microspheres. Table 1 [34] . Neither modes are totally suppressed, nor do new modes seem to appear in neat and magnetic microspheres due to the emulsification process. Furthermore, no PVA residues were noticed in the microspheres FTIR spectra. Solvent evaporation during the emulsification process of PLLA droplets can affect the degree of crystallinity of the polymer, together with other characteristics such as surface morphology and porosity features [35] . Pristine PLLA microspheres showed a glass transition around 55°C and a melting transition that starts at $120°C and ends at $160°C with maximum at 152°C, with absence of a cold-crystallization process (Fig. 3b) . With respect to the composite spheres, a shift towards higher temperatures was observed for the Tg and melting transition, indicating that the CoFe 2 O 4 filler acts as nucleation agent for PLLA crystallization due to strong interfacial interactions with the crystallizing polymer. Thus, the incorporation of the magnetic particles increases the thermal stability of microspheres crystalline phase [36] in the vicinity of the nanoparticles. Further, a cold crystallization process starting at $80°C up to $130°C, with maximum at $110°C was observed after the glass transition process as the temperature increased. The presence of a shoulder during melting of the polymer for nanocomposite microspheres is also observed, which can be attributed to the different crystal sizes present in the samples: ones formed during the processing of the nanocomposite polymer spheres, made from fragmented crystals, at lower temperature; and ones due to the cold-recrystallization process that takes place during the heating scan itself, at the higher temperature. The fact that cold crystallization appears only 30°C above the glass transition indicates that a large number of crystal nuclei had already been formed in the glass [37] . A second heating scan was recorded after cooling the sample from 200°C to room temperature. Interestingly, after this process, the sample showed a single broad endothermic peak melting temperature, suggesting that the double melting peak is due to the presence of small nuclei in the polymer that starts to reorganize and crystallize at temperatures above Tg during heating (Fig. 3b) .
The degree of crystallinity of neat and magnetic microspheres was calculated applying Eq. (1) and a value of 40% and 17% was obtained for pristine and magnetic nanocomposite spheres: the difference in the degree of crystallinity is attributed to the interfacial electrostatic interaction between magnetic nanoparticles and the PLLA polymer chains [38] . These strong interfacial interactions can, on the one hand, provide stability to the crystalline phase in the vicinity of the nanofillers, as they act as nucleating agents during the crystallization process. On the other hand, the presence of the nanofillers lead to an overall decrease of the degree of crystallinity as the presence of the fillers lead to larger amounts of crystallization sites, hindering the crystallization process, spherulitic growth originated in different nucleation sites and proper molecular packing [36, 39] .
Zeta (f) potential was used to characterize the surface of the PLLA microspheres at different pHs environments. This method is also an important factor for determining the stability of PLLA and nanocomposite microspheres against aggregation, when dispersed in a liquid such as the cell culture media [40] . Generally, the stability of the microspheres in suspension improves with increasing absolute values of zeta potential, moreover higher stabilities are usual obtained for values higher than |À30| mV [41] . Polymer surface microspheres are negatively charged and the surface charge increases with increasing pH (Fig. 4) .
The negative charge of the microspheres is attributed to the presence of ionized carboxyl groups from lactic acid on particles surface [22] , leading the particles to be quite stable in alkaline environments, while for more acidic environments (pH 6 4) the spheres show a trend to aggregate, forming clusters (Fig. 4) . It was observed that for a pH higher than 5 with a zeta potential of approximately À30 mV, the stability of the neat PLLA spheres increases and a stable colloidal dispersion is obtained. This fact can be explained due to the higher repulsion of the PLLA spheres hindering its aggregation. At pH 7.4, the PLLA microspheres show a larger zeta potential and high negative values (À53 mV) are obtained. It is notice that similar results were reported in the literature for PLA and for PLGA nanospheres in neutral buffer [21] , with zeta potential of À50 and À45 mV, respectively. The results also indicate that the PLLA microspheres produced by the oil in water method exhibit sensitivity to pH changes. This can be relevant for drug delivery applications with focus on the design and development of carriers for therapeutic and/or diagnostic purpose and also for in vivo applications and drug attachment [40] . The high zeta potential values obtained also indicate that the oil in water method does not result in a high adsorption of PVA in the surface of the microspheres. With respect to the composite microspheres, they show lower zeta potential absolute values comparatively to neat PLLA microspheres, which may be ascribed to the presence of a small amount of CoFe 2 O 4 nanoparticles/clusters on the surface of the microspheres, changing the electrophoretic behavior of the microspheres in solution.
Magnetic properties of the magnetic nanocomposite microspheres
The magnetic properties of the composite microspheres are critical for biomedical applications [42] . The magnetization curves of magnetic microspheres determined by VSM technique at room temperature are shown in Fig. 5 . Results show that the magnetization of the magnetic microspheres increase with increasing magnetic field until gradually reaches saturation. Large magnetic microspheres may have a bigger magnetic core compared to smaller ones and consequently, the saturated magnetization is higher (Fig. 5) . After the maximum magnetization value, the magnetization decreases due to diamagnetic PLLA polymer [43] , which acquires a magnetization in the opposite direction that applied field, leading to a decrease of the total magnetization of the composite.
The shape and magnetization maximum values of the measured hysteresis loops demonstrate that magnetic nanoparticles are randomly oriented within the polymer sphere matrix.
Additionally from the hysteresis curves of Fig. 5 and the saturation magnetization value of the pure CoFe 2 O 4 nanoparticles [16] it is possible to estimate, trough Eq. (3), the amount of CoFe 2 O 4 nanoparticles within the microspheres (Table 2) .
In this way, the concentration of CoFe 2 O 4 nanoparticles in the spheres is lower than the one added to the composite solution, the loading efficiency being $40%, in good agreement with previous studies [16, 44] , one possible explanation for this effect is the higher density of the CoFe 2 O 4 nanoparticles when compared to the polymer matrix that might cause some sedimentation of nanoparticles in the solution during the microsphere formation. Further, it is to notice that the filler weight content within the microspheres is the same, independently of the sphere size, indicating a homogeneous distribution of the nanoparticles in the solution.
The magnetic properties of the magnetic microspheres and the high magnetostriction of CoFe 2 O 4 nanoparticles [45] make such microspheres suitable for drug-delivery platforms with magnetically triggered drug released as well as for scaffolds with magnomechanical stimulation for tissue engineering applications [11] .
Cell culture
In this study, the biocompatibility of PLLA microspheres with and without magnetic nanoparticles was performed. PLLA is a biocompatible polymer, but the CoFe 2 O 4 particles are cytotoxic [46] . On the other hand, these particles can be ''encapsulated" in a polymer in order to achieve a biocompatible magnetic composite [47] . In this way, one of the objectives in this study was to verify if these magnetic particles were properly encapsulated in the PLLA spheres.
The viability of MC3T3-E1 pre-osteoblast cells seeded in an Eppendorf with and without PLLA microspheres was performed by MTS assay and the results are shown in Fig. 6 . It is observed that the cell agglomerates are viable for all the conditions. At 72 h, it was verified the formation of a cell/microspheres pellet in the bottom of the Eppendorf (data not shown) as verified in a previous study [2] with PVDF microspheres.
Comparing PLLA microspheres/cells pellet with the cell pellet it is verified a higher number of cells after 72 h of cell culture. It should be noted that MTS of negative control (only microspheres) was performed (data not shown) and no effect on absorbance measured was obtained. These preliminary results suggest that PLLA microspheres with and without magnetic nanoparticles can provide a suitable environment for cell adhesion and growth.
Conclusions
As a new platform for biomedical applications, the present work reports on the preparation and size separation of neat and cobalt ferrite magnetic composite PLLA based microspheres by a single emulsion method, using chloroform as solvent and PVA as a stabilizer. The diameters of the microspheres after processing range between 0.16 and 3.9 lm for neat PLLA and between 0.8 and 2.2 lm for the composite microspheres. Further, the microspheres were separated by size by centrifugation.
Both neat and magnetic PLLA show a glass transition temperature around 55°C, with double melting peaks. The degree of crystallinity of the neat PLLA microspheres is 40% after processing and the incorporation of the CoFe 2 O 4 nanoparticles into the PLLA sample leads to nearly amorphous magnetic microspheres. The encapsulation efficiency of the magnetic nanoparticles is 40%, independently of the particle size. Finally, both neat and magnetic microspheres are quite stable in alkaline environments, however, for more acidic environments (pH 6 4), the neat PLLA microspheres aggregate, forming clusters.
Cell viability studies performed with MC3T3-E1 pre-osteoblast cells showed proper cell proliferation, which demonstrates the encapsulation of the cobalt ferrite nanoparticles and the suitability of the microspheres for biomedical applications such as drug delivery systems and tissue engineering.
